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A possible treatment of brain tumor consists in a surgery performed by neurosurgeons 
who open the skull (called craniotomy). By navigating through the brain, they reach the 
tumor tissues and try to remove the maximum possible. The task is tricky because of the 
small operation field delimited by the craniotomy, also because of the difficulty to 
differentiate the brain healthy tissue surrounding the tumor and the brain misalignment 
that occurs. An additional tool for intraoperative imaging represents therefore a crucial 
element to guide the navigation through the brain safely and improve the resection task. 
Based on blood vessels segmentation, we proposed a methodology for the correction of 
brain displacement during resection. This misalignment of the brain was resolved by using 
a Normalized Gradient Field (NGF) that allows to register segmented vessels with a good 
accuracy. After to test our method on data phantom and patient data, the result were 
validated in an average of 90%. 
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1. Introduction 
The surgery of brain tumor is widely supported by image-guided surgery to provide critical 
information and to increase the accuracy in this task. The navigation system allows to 
match preoperative data (MRI: Magnetic Resonance Image, CT: Computed Tomography) 
with a physical space and its tracking system enables to locate the points on a patient in 
the image via a pointer [1-3]. During surgery the use of the navigation system become 
inaccurate because of the misalignment of the brain, and several techniques was 
proposed to correct this problem [4-7]. The segmentation of anatomical structures like 
blood vessels was proposed in [8, 9] to compensate the brain shift using Doppler 
ultrasound (Doppler US) and preoperative MRA (Magnetic Resonance Angiography) data. 
Intraoperative ultrasound imaging is preferred with respect to other intraoperative imaging 
modalities because of its low price and its simplicity [10].  
In the context of blood vessels used as pattern for driving registration, several techniques 
was introduced for segmentation propose. The simplest approach for segmentation is the 
thresholding [11, 12] followed by its sophisticated version, region growing [13]. The first 
method suffer of many drawbacks such as: it fails in the presence of smooth edge, of 
varying intensity and sensible to the noise. The second one has the problems of leakage 
when the boundary is blurred and the difficulty to set a threshold value confining the target. 
To overcome the limitation of the firsts methods, several techniques are used such as 
hybrid genetic algorithm and Artificial Neural Network Fuzzy (ANFIS) [14] in brain tumors 
segmentation, graph cut with shape priors [15, 16] and active contour model introduced 
by [17] which used an explicit type of curve representation. The level set approach [18] 
was proposed to address the curve parameterization issue of the last method. Vessels 
segmentation is achieved also by using the Hessian operator as presented by Frangi in 
[19].  
In this work, we used segmented vascular structures in preoperative cT1MR (contrast T1-
weighted MR) and iCEUS (intraoperative Contrast Enhancement Ultrasound) images to 
correct the brain misalignment with respect to the initial registration performed with the 
navigation system. This paper is organized as follows: section II describes the blood 
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vessels segmentation, the similarity measure used to correct brain misalignment and the 
proposed methodology. The section III presents the results of tests performed on the 
patient data. The last one concludes the analysis. 
 
2. Methods 
2.1. Correlation Coefficient (Normalized Cross Correlation) 
Also called Pearson's correlation coefficient, it is defined as: 
𝑁𝑁𝑁𝑁𝑁𝑁 =  1
𝜎𝜎𝑥𝑥𝜎𝜎𝑦𝑦
�(𝑥𝑥𝑖𝑖 − ?̅?𝑥)(𝑦𝑦𝑖𝑖 − 𝑦𝑦�)
𝑖𝑖
 (1) 
Where 𝑥𝑥 �  and 𝑦𝑦 �  are respectively the mean of image 𝑋𝑋 and 𝑌𝑌. On the other hand, 𝜎𝜎𝑥𝑥 and 
𝜎𝜎𝑦𝑦 are the standard deviations 𝑋𝑋 and 𝑌𝑌. 
 
2.2. Mutual Information (MI) 
Based on information theory, mutual information evaluates the statistical dependence 
between two image intensity distributions. It should reach the maximal value when the two 
images to register are correctly aligned. In information theory, entropy is defined as the 
measure of the uncertainty in a random variable and the Shannon entropy is defined as: 
𝐻𝐻(𝑋𝑋) =  −�𝑝𝑝𝑖𝑖 log 𝑝𝑝𝑖𝑖𝑛𝑛
𝑖𝑖
 (2) 
Where 𝐻𝐻(𝑋𝑋) is called the entropy of the random variable 𝑋𝑋 and 𝑝𝑝𝑖𝑖 the probability mass 
function. 
The mutual information MI(X,Y) between two random variables X and Y is described as: 
 
𝑀𝑀𝑀𝑀 = 𝐻𝐻(𝑋𝑋) + 𝐻𝐻(𝑌𝑌) − 𝐻𝐻(𝑋𝑋,𝑌𝑌) (3) 
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𝐻𝐻(𝑋𝑋,𝑌𝑌) =  −  �𝑝𝑝�𝑥𝑥𝑖𝑖 ,𝑦𝑦𝑗𝑗� log 𝑝𝑝�𝑥𝑥𝑖𝑖 ,𝑦𝑦𝑗𝑗�
𝑖𝑖,𝑗𝑗  (4) 
Where 𝐻𝐻(𝑋𝑋,𝑌𝑌) called Joint entropy of 𝑋𝑋 and 𝑌𝑌 images.  
 
2.3. Normalized Gradient Field (NGF) 
Assuming that two images are considered to be similar, if intensity changes occur at the 
same locations, the Normalized Gradient Fields (NGF) has been proposed by [20].  
 
The NGF is calculated as follows 
𝑛𝑛(𝑀𝑀, 𝑥𝑥) =  � ∇𝑀𝑀(𝑥𝑥)‖∇𝑀𝑀(𝑥𝑥)‖                             ∇𝑀𝑀(𝑥𝑥)  ≠ 00                                    𝑜𝑜𝑜𝑜ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒        (5) 
Where ∇𝑀𝑀(𝑥𝑥) is the gradient of the image 𝑀𝑀(𝑥𝑥).  
By considering two related points x in X (fixed image) and T(x) in Y (moving image), the 
NGF similarity measure is based on the angle formed by the two resulting vectors n(X, x) 
and n(Y, x). Since the gradient fields are normalized, the inner product (dot-product) of 
the vectors is related to the cosine of this angle, while the norm of the outer product (cross-
product) is related to the sine. 
 
The alignment analysis is validated by the distance measures: 
𝑑𝑑𝑐𝑐(𝑌𝑌,𝑋𝑋) =  ‖𝑛𝑛(𝑋𝑋, 𝑥𝑥)  × 𝑛𝑛(𝑌𝑌, 𝑥𝑥)‖2 (6) 
𝑑𝑑𝑑𝑑(𝑌𝑌,𝑋𝑋) = < 𝑛𝑛(𝑋𝑋, 𝑥𝑥), 𝑛𝑛(𝑌𝑌, 𝑥𝑥) >2 (7) 
Where 𝑑𝑑𝑐𝑐 and 𝑑𝑑𝑑𝑑 are respectively the cross-product and the dot-product. 
 
2.2. Methodology proposed 
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Since a brain displacement occurs after the craniotomy and during tumor resection, the 
correction of the initial registration is required. The vascular structures was used as a 
reference to achieve the correct alignment during surgery. The first tests have been 
performed on the phantom data. With a CEUS image a little misaligned to the CT image, 
we used the vascular structures to perform the alignment. The method consist firstly by a 
segmentation of vascular structures in both modalities, and followed by a registration task 
of these segmented elements. The registration provided a transformation matrix that 
allows the overlapping of images. When this matrix is applied to the CT image, the 
alignment error converge to zero. The methodology for correcting the brain shift is 
illustrated in the Fig. 1. The registration on the second step has been performed using the 
Normalized Gradient Field (NGF) as similarity measure.  
This correcting process can be described as follows: 
1. Manually definition of the Region of interest (ROI) on the images, 
2. Define the Threshold value by the user and compute the segmentation, 
3. Start the registration of the segmented structures using a NGF, 
4. Display the final solution. 
 
 
Fig. 1. Proposed methodology for correcting misalignment. 
 
3. Results  
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This section shows the results obtained in each application, and the implementation was 
done with an Intel Celeron, 1.5 Ghz and 2 GB of memory. The algorithms have been 
implemented using MeVisLab tool and ITK C++ (Insight Segmentation and Registration).  
Since the brain shift can be corrected using blood vessels, the Fig. 2 presents a result 
obtained with patient data. At the same position or slice, the Fig. 2 (a) shows the 
misalignment between the cT1MR image and the CEUS data occurred during brain tumor 
resection. By applying the method of vessels-based registration to correct the brain shift, 
the obtained result is illustrated in the Fig. 2 (b). The brain misalignment is observed by 
the non-overlapping of tumor margins in intraoperative cT1MR image compared to the 
intraoperative CEUS image.  
 
 
(a)                                                   (b) 
Fig. 2. (a) Overlay of cT1MR and iCEUS data with brain displacement, (b) cT1MR and 
iCEUS data superimposed after the brain misalignment correction based on blood 
vessels. 
 
The Frangi vesselness filter followed by the Otsu thresholding and the region growing 
methods provided a good result of segmentation. Basing of the extracted blood vessels 
within the ROI defined in the images, they was used to carry out the registration. The 
segmented vessel in cT1MR is merged with the CEUS image in the Fig 3. 
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The first row shows how the concerned vessel are misaligned in the both images, and the 
second one illustrates how they are matched after our proposed method. 
The correct overlapping of anatomical structures, especially of the vessels, was not only 
visually checked, but it was also validated with the Jaccard index 𝐽𝐽(𝐴𝐴,𝐵𝐵) and the Dice 
index 𝐷𝐷(𝐴𝐴,𝐵𝐵) adopted as metrics. In the table 1 the comparison of metric results are 
compared. Due to the difference of images compared, cT1MR and CEUS, the good result 
of overlaying will not be represented by 100%. The reference is considered as the result 




Fig. 3. In the first line: segmented MRI vessels in red are merged with CEUS image 
misaligned. The second line present the result obtained after the correction. 
 
𝐽𝐽(𝐴𝐴,𝐵𝐵) =  𝐴𝐴 ∩ 𝐵𝐵
𝐴𝐴 ∪ 𝐵𝐵
 (8) 
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𝐷𝐷(𝐴𝐴,𝐵𝐵) =  2(𝐴𝐴 ∩ 𝐵𝐵)
𝐴𝐴 + 𝐵𝐵  (9) 
 
 
 Table 1. The NGF, NMI and NCC results are compared with the result of the expert. 
 
4. Discussion 
Considering in this study vascular structures marked by a bifurcation or some angles, the 
NGF similarity measure performs the registration of blood vessel with a high accuracy 
than the others, but it is computationally expensive. Even in presence of a poor quality of 
the medical image, NGF is still robust. According to the application, the NMI is a good 
alternative in computation time by keeping an acceptable accuracy of the result. 
 
5. Conclusions 
Various approaches are used to align preoperative image with intraoperative data for 
increasing accuracy in surgery task. In this work, a method based on segmentation of 
vascular structures have been presented in the context of brain tumor surgery. In the 
obtained results, the use of blood vessels as a reference patterns and the NGF have 
shown the capability to correct the misalignment of cerebral structures. Despite its 
computing long time, the NGF is robust to perform the registration of vessels in presence 
of noises. The choice of a bifurcation is an advantage for this similarity measure. Based 
on the computing of angles, it achieve the good performance when other methods fail. 
 
Comparative              Jaccard Index (%)              Dice index (%) Processing time (s)
Studies
NGF vs Expert 91,73% 91,74% 28,6
NMI vs Expert 70,39% 70,40% 6,966666667
NCC vs Expert 62,42% 62,37% 10
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